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Improved Half-Wave Coupled V-Cavity Laser Using
Aggregating-Image Multimode Interference Coupler

Qi Chen ", Zhongwen Wang

Abstract—We theoretically analyze and experimentally
demonstrate improved half-wave couplers for widely tunable
V-cavity lasers. An overlapping-image 6 x 6 MMI coupler and an
aggregating-image 1616 MMI coupler are investigated, which
give optimal coupling phase and coefficient for achieving high
single-mode selectivity in V-cavity lasers while producing a low
loss. A single-electrode controlled tuning of 38 channels is achieved
with channel spacings of 100 GHz and 150 GHz. By combining
two single-electrode tuning segments at different temperatures, a
wavelength tuning range of 52 channels from 1515 nm to 1585 nm
is obtained, and the side mode suppression ratios (SMSRs) reach
45 dB.

Index Terms—Coupled-cavity laser, half-wave
multimode interference coupler, Tunable laser.

coupler,

I. INTRODUCTION

tical fiber communication systems and sensing applica-
tions. Over the past decades, many different types of monolithic
tunable lasers have been designed and investigated. The grating-
based lasers are mostly used, such as distributed feedback (DFB)
laser arrays [1], [2]; sampled grating distributed Bragg reflector
(SGDBR) laser [3]; digital super-mode (DS) DBR laser [4].
However, the large size and complex fabrication process of
grating structures make these lasers expensive. Simpler and
smaller tunable lasers have been proposed and developed since
1980’s, such as the cleaved-coupled-cavity (C3) lasers [5], [6],
symmetrical/asymmetrical Y-laser [7], and slotted Fabry-Perot
(SFP) laser [8]. The C3 and Y-branch lasers have not been
widely used in practical applications due to its poor side mode
suppression ratio (SMSR), which is about 20 dB. The SFP
laser can achieve satisfactory SMSR after carefully designing
the width and depth of the slots between several Fabry-Perot
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cavities. However, the position and size of the slots need to be
controlled precisely to maintain the phase relationships of each
FP cavities, which influence the performance and the fabrication
yield significantly [9].

More recently, V-cavity lasers (VCLs) was proposed and
developed. By introducing the concept of half-wave coupler into
coupled-cavity lasers, excellent single mode selectivity has been
achieved theoretically and experimentally [10], [11]. V-cavity
lasers fabricated on multiple quantum well (MQW) wafers have
shown good lasing and tuning performance at 870 nm [12],
1310 nm [13], 1550 nm [14] and 2810 nm [15], respectively.
In the C-band, 31 channels of 100 GHz spacing can be tuned
digitally at a fixed temperature and ~40 nm of wavelength tuning
range can be achieved by the assistance of TEC temperature
control with a good SMSR of about 38 dB [11]. In addition,
quantum dots (QD) V-cavity laser has also been proposed and
achieved SMSR of 35 dB for 27 channels at 1310 nm [16].
Furthermore, VCLs have the advantage of simple fabrication
process, easy control algorithm and high compactness. These
advantages make VCLs a promising tunable laser solution for
cost-sensitive applications such as data center and optical access
networks. The half-wave coupler has previously been analyzed
in [10] and [17] based on a three-waveguide directional coupler
and non-imaging multimode interference coupler (MMI), and
the requirements on the coupling coefficient and phase of the
coupler to realize optimal mode selectivity were derived based
on the threshold equation of the laser.

In this paper, we analyze the half-wave coupler from
the perspective of aggregating-image multimode interference
(AI-MMI) coupler and optimize the half-wave coupler for V-
cavity lasers. First, we analyzed the general MMI couplers,
and found that an overlapping-image 6 x6 MMI coupler and an
aggregating-image 16x 16 MMI coupler satisfy the condition of
the half-wave coupler for achieving high single-mode selectivity
in VCLs. Then we designed and fabricated two types of VCLs
with optimized half-wave couplers. Experimental results show
that the optimization of the half-wave coupler improves the
SMSRs and wavelength tuning range significantly.

II. THEORETICAL ANALYSIS

The V-cavity laser is composed of two Fabry-Perot cavities
with slightly different lengths and a reflective multimode wave-
guide region, which is called the half-wave coupler. The excel-
lent single-mode performance of the V-cavity laser is provided
by this half-wave coupler, which allows the lasing mode to pass
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Fig. 1. Schematic diagram of the unfold half-wave coupler for V-cavity lasers.

through without loss while the side modes are suppressed. To
analyze the half-wave coupler, we unfold the laser cavities with
respect to the deep-etched reflecting facet of the coupler, as
shown in Fig. 1. The lasing condition of the V-cavity laser can
be expressed by its threshold equation [10]:

Cyrirs [62(9+ik)L 4 Q2(g k)L

= (CF = C) rirdePatiE2THIIL =1 (1)

where Cj, and Cy, are self- and cross-coupling coefficients of the
coupler, r; and r are reflection coefficients of cavity mirrors. By
calculating the threshold equation, we can obtain three required
characteristics of the coupler for the best single mode selectivity.
Firstly, the optimal coupling phase should be an integer multiple
of 7. In practical structures, 7 is the easiest to realize, which is
the reason why it is called a half-wave coupler. Secondly, the
coupling coefficient should be close to an optimal value for a
given cavity length difference. Last but not least, the loss of the
coupler should be as low as possible.

The half-wave coupler is essentially a section of multimode
region, so we can analyze it by the theory of MMI coupler to look
for certain conditions that satisfy the above three requirements.

A. General NxN MMI Coupler

The length of a general NxN MMI coupler is analyzed and
calculated by guided-mode propagation analysis (MPA) method,
which is [18]

=2
L=~ 3Lx ()

where p is an integer reflecting the periodic nature of the imaging
along the multimode region and L, is the coupling length
between the two lowest-order modes, which can be written as
anW?
Ly~ Ty 3)
where n is the effective refractive index and W is the effective
width of the MMI coupler. For high contrast waveguides, W can
be approximated by the structural width of the MMI coupler.
The light distribution at the output end face is given by [18]

N-1
1 .
Wy, L) = 5 Y vin(y = yq) exp(igg) )
q=0
N images with equal amplitudes numbered by g appear at the
output end face, whose positions y, and relative phases ¢, are

w
v =Ca- N )

IEEE PHOTONICS JOURNAL, VOL. 14, NO. 4, AUGUST 2022

Imputs i Outputs j
N ——1 1
N-1 ——1 2
] — i

: NxN MMI 5
O — /.
2 1 N-1
p O — —1 N

Fig. 2. Access waveguides for a NxN MMI coupler with input waveguides
numbered bottom-up with index i and output waveguide numbered top-down
with index j.

m
pqg = (N — Q)qﬁ

As shown in Fig. 2, access waveguides are usually placed to
receive each image. Input waveguides are numbered bottom-up
with index i and output waveguide are numbered top-down with
index j. The phase change from input port i to output port j is
obtained from (4)

(6)

™ . . . . . .
©0ij =0+ T+ — x (j —1)(2N — j + 1) fori + jeven

IN
(7
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where (g is the constant phase caused by the multimode region
[19]. Assuming that the two cavities of the V-cavity laser are
connected to port i1 and port i, in the input plane and to port j;
and port jo in the output plane. The symmetry of V-cavity laser
determines that iy = j1, is = jo and iy + is = j1 +jo = N +
1. When the light is incident from port iy or port is, the relative
phase difference between port j; and port j3 is

N
Ap = (4 — 1) wif N iseven ©))

_i 2 S N27: .
Ap = 4N[N (2¢ — 1)°]if N isodd

(10)

For couplers with single mode selectivity, the relative phase
difference should satisfy Ay = [-7(l = 0,1,2...), which
means

N =4(l+1)ifNiseven (11)

N =2+ /(21)* + (2 — 1)*if N isodd (12)

When N is even, it should be an integer multiple of 4. The
actual coupler for V-cavity laser should be a more compact
structure, so [ generally takes the minimum value of 0, which
means N = 4. Take the case of i = 1 as an example, when light
enters the input port 1, the relative phase difference between
images of the output port 1 and port 4 is 0. The lasing mode in this
case is in phase when entering the coupler and can pass through
without loss, which is shown in Fig. 3(a) calculated by FDTD.
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(b)

Fig. 3. Light distribution of a 4x4 MMI coupler when (a) in-phase and
(b) 180°-out-of-phase modes are incident into port 1 and port 4.

Fig. 4. Light distribution of a 9x9 MMI coupler when (a) in-phase and (b)
180°-out-of-phase modes are incident into port 2 and port 8.

While the side modes with phase difference deviated from 0
would suffer from varying degrees of loss. Fig. 3(b) shows the
worst case that all the power is scattered from the middle of the
output ports when the input lights are 180° out of phase. Since
this is a general 4 x4 MMI coupler, the self-coupling coefficient
and cross-coupling coefficient are both 0.5, which correspond
to the optimal value for a cavity length difference of 30% based
on the threshold equation. The loss of the lasing mode in the
coupler can be described as [10]

e = 10l0gyp |[Cof? + |Cal® +21C| - [Ca| - [cos(A)
(13)
where Ay is the coupling phase of the coupler. Therefore, the
general 4x4 MMI coupler is a lossless coupler for the lasing
mode.

When N is odd, both / and i should be 2 to ensure that
N is the smallest integer value, which is 9. For a 9x9 MMI
coupler with light entering the input port 2 or port 8, the relative
phase difference between images of the output port 2 and port
8 is 2. The lasing mode in this case is also in-phase when
entering the coupler. As shown in Fig. 4, although the coupler
achieves a coupling phase of 2, it cannot guarantee that the
light of the lasing wavelength is completely coupled into the
output waveguide, and there is a non-negligible loss. Since this
is a general 9x9 MMI coupler, the self-coupling coefficient
and cross-coupling coefficient are both 0.33. The loss of the
lasing mode is calculated to be 3.6 dB from (13). Therefore, the
9x9 MMI coupler is not a suitable coupler for V-cavity laser.

B. Overlapping-Image 6 x6 MMI Coupler

When the input waveguide is specifically set at mW/N
(m = 0,1,2...N), the generally separated images on the output
end face would overlap in pairs, resulting in a reduced number
of images at the output of MMI couplers. The new images are
numbered top-down with index k. This type of coupler is called
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(b)

Fig.5. Lightdistribution of a general 6 x 6 MMI coupler with input waveguide
(a) Not specifically selected and (b) at SW/6.

TABLE I
S1X IMAGES OF AN OVERLAPPING-IMAGE 6 x6 MMI COUPLER WITH INPUT
WAVEGUIDE AT 5W/6

Portj 6 5 4 3 2 1
Position | W/6 | W/6 | W/2 | W/2 | 5W/6 | SW/6
Amplitude| 1/v/6 | 1/v6| 1/v6 | 1/V6 | 1/V6 | 1/6
Phase/rad| = Sn/6 | 11n/6 | 4n/3 | 3n/2 /3

TABLE II

INTERFERENCE RESULTS OF AN OVERLAPPING-IMAGE 6 X6 MMI COUPLER
WITH INPUT WAVEGUIDE AT 5W/6

Port k 3 2 1
Position W/6 W/2 SW/6
Amplitude | 0.7887 | 0.5774 | 0.2113
Phase/rad | 11n/12 | -5n/12 | -w/12

overlapping-image MMI coupler and can still be treated by the
theory of the general MMI coupler [20]. Based on the interfer-
ence principle, the intensity and phase of the overlapped images
are obtained from the addition of their complex amplitudes

E= \/% exp(ip1) + TIN exp(ip2) (14)
where ¢ and , are the relative phases of the overlapping
images.

Here we analyze the overlapping-image 6x6 MMI coupler
with input waveguides at W/6 or SW/6. The size of a typical InP-
based 6x6 MMI is 8.6 ymx 102 pm from (2) and (3). For cases
where the input waveguide position is not specifically selected,
six images are shown clearly at the end face, which is shown in
Fig. 5(a). When light enters the input waveguide located at SW/6,
the positions and relative phases of the six images calculated
by (4) is shown in Table I. Six images with amplitude of 1/1/6
are located at W/6, W/6, W/2, W/2, 5W/6 and 5W/6. Their relative
phases are 7, 57/6, 117/6, 47/3, 37/2 and 7x/3, respectively.
By adding the complex amplitudes of the overlapping images,
the number of images decreases to three with new amplitudes
and relative phases, as shown in Fig. 5(b) and Table II. The
relative phase difference between the output port 1 and port 3
is m, their amplitudes are 0.2113 and 0.7887. By introducing
a total internal reflection (TIR) structure of 90° angle to swap
the coupling coefficient of output port 1 and port 3 [21], the
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(a) (b)

Fig. 6. Light distribution of an overlapping-image 6 x6 MMI coupler with
input/output waveguides at W/6 and 5W/6 when (a) 180°-out-of-phase and
(b) in-phase modes are incident into port 1 and port 3. Red dashed line is a
half-wave MMI coupler with a total internal reflection structure of 90° angle.

(a)

Fig. 7. Light distribution of a 16x16 MMI coupler with input waveguides
(a) Not specifically selected and (b) at SW/8, 3W/4 and 7W/8 simultaneously.

overlapping-image 6 x6 MMI coupler with input waveguides at
W/6 and 5W/6 will be a lossless coupler with coupling phase of
7 and self-coupling coefficient of 0.7887, which is an optimal
lossless half-wave coupler for VCLs with 8.5% cavity length
difference.

The input modes in this case are out of phase with a phase
difference of 7. For the lasing mode, constructive interference
occurs at the output waveguides and light can pass through the
coupler without loss, which is shown in Fig. 6(a). While for
the side modes with phase difference deviated from 7, Fig. 6(b)
shows that some degree of destructive interference occurs at the
output waveguides, and most of the light outputs from the middle
port, which provides the single mode selectivity.

C. Aggregating-Image 16x 16 MMI Coupler

We first consider a 16x16 MMI coupler with a width of
32 pm. From (2) and (3), we can obtain its length of 533 pm.
When the input waveguide position is not specifically selected,
sixteen images can be clearly seen at the end face, as shown in
Fig. 7(a). When light enters the MMI coupler from the input
waveguide located at 3W/4, the positions and relative phases
of the sixteen images can be calculated by (4). The first and
sixteenth images move to the edge and disappear, then the re-
maining fourteen images overlap in pairs. Finally, seven images
are formed at the end face. Similarly, when light enters the MMI
coupler from the input waveguides located at SW/8, 3W/4 and
7W/8 simultaneously, the light distribution at the end face can be
obtained by adding the complex amplitudes of the overlapped
images, which is shown in Fig. 7(b). Table I1I gives the positions,
amplitudes and relative phases of the seven overlapped images. If
we further aggregate the three overlapped images at SW/8, 3W/4
and 7W/8, and the three overlapped images at W/8, W/4 and
3W/8, by adding the complex amplitudes, we obtain the phases
and amplitudes of the aggregated images as shown in Table IV.

IEEE PHOTONICS JOURNAL, VOL. 14, NO. 4, AUGUST 2022

TABLE III
IMAGING RESULTS OF A 16x 16 MMI COUPLER WITH INPUT WAVEGUIDES AT
SW/8, 3W/4 AND 7W/8 SIMULTANEOUSLY

Port k 7 6 5 4 3 2 1
Position | W/8 W4 | 3W/8 | W/2 | SW/8 | 3W/4 | TW/8
Amplitude| 0.0949 | 0.0327 | 0.1408 | 0.2357 | 0.2520 | 0.3318 | 0.2726
Phase/* | 136.35 | -95.59 | -135.9 | -56.25 | -22.89 | -5.63 | 13.9
TABLE IV

IMAGING RESULTS OF AN AGGREGATING-IMAGE 16 x 16 MMI COUPLER WITH
INPUT WAVEGUIDE AT 3W/4

Port k& 3 2 1
Position W/4 W/2 3W/4
Amplitude | 0.1848 | 0.2357 | 0.8295
Phase/” -159.41 | -56.25 | -4.50

Fig. 8. Light distribution of an aggregating-image 1616 MMI coupler with
input/output waveguides at W/4 and 3W/4 when (a) 180°-out-of-phase and
(b) in-phase modes are incident into port 1 and port 3. Red dashed line is a
reflective half-wave MMI coupler with deep-etched facet.

The 16x 16 MMI coupler is reduced to a 3x3 coupler with a
relative phase of 154.91° and amplitude ratio of 4.5 between
port 1 and port 3, which are close to the required characteristics
of half-wave coupler for a VCL with 6% cavity length difference.
To perform the aggregation, we reduce the width of the MMI to
9.4 pm, which is a typical value for a 2x2 half-wave coupler in
V-cavity lasers. The length of the MMI is reduced accordingly
to 46 pum based on (2) and (3). The mode field of a typical
2.5um single-mode waveguide can cover the three images at
WI8 spacing with the reduced-size MMI.

Then we analyze the aggregating-image MMI coupler re-
duced from the 16x 16 MMI coupler, using the FDTD method.
Only two input and output waveguides are needed at W/4 and
3W/4 for a half-wave coupler. The input modes in this case are
also out of phase with a phase difference of 7. For the lasing
mode, as shown in Fig. 8(a), constructive interference occurs
at both of the output waveguides and light can pass through the
coupler with the lowest loss. While for the side modes with phase
difference deviated from 7, Fig. 8(b) shows that some degree of
destructive interference occurs at the output waveguides, and
most of the light is scattered from the middle port between the
waveguides, which provides the single mode selectivity.
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D. Comparison and Optimization

According to the above analysis, three types of MMI coupler
with single mode selectivity are present. The first is a general
4 x4 MMI coupler, whose coupling phase is 0 and coupling co-
efficient corresponds to the cavity length difference of 30%. The
cavity length difference is often chosen to be 5% to obtain a wide
wavelength tuning range and good single-mode performance at
the same time. Therefore, the general 4 x4 MMI coupler is not
suitable for widely tunable V-cavity lasers.

The second is an overlapping-image 6 x6 MMI coupler with
input/output waveguides at W/6 and 5W/6. This is a lossless half-
wave coupler for V-cavity lasers with 8.5% cavity length differ-
ence. Its coupling phase and coupling coefficient are formed by
the interference of overlapping images of the MMI.

The third is an aggregating-image 16x 16 MMI coupler with
input/output waveguides at W/4 and 3W/4. This is a low-loss
half-wave coupler whose coupling phase and coupling coeffi-
cient are close to the optimal values for cavity length difference
of 6%. Its coupling phase and coupling coefficient are formed
for two reasons: the interference of overlapping images and
aggregation of images due to the small-size of the multimode
region.

Unlike the previous design method of sweeping the parame-
ters of the coupler over a wide range, the preliminary structural
parameters of the aggregating-image half-wave coupler can be
calculated analytically. Further optimizations can be performed
numerically in the vicinity of those structural parameters us-
ing FDTD simulations. The aggregating-image method can
therefore reduce the simulation amount significantly and help
to find the best design. The theoretical loss of the optimized
aggregating-image half-wave coupler for a V-cavity laser with
5% cavity length difference is only 0.18 dB, which is less than
the typical value of 0.86 dB for previous half-wave couplers
[10]. By fine-tuning the position of input waveguides and the
size of coupler, the coupling phase and coupling coefficient can
be adjusted within a small range to satisfy V-cavity lasers with
various cavity length difference. However, the adjustment should
not be too large, otherwise the disruption of the interference
imaging conditions will result in increased losses, which means
that the second and third types of half-wave MMI coupler are
more suitable for V-cavity lasers with cavity length difference
of about 8% and 6%, respectively.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

Based on the overlapping-image 6 x6 MMI coupler and the
aggregating-image 16x16 MMI coupler, two V-cavity lasers
are designed and fabricated, as shown in Fig. 9(a) and 9(b).
The SEM photographs of the half-wave coupler are shown in
Fig. 9(c) and (d), respectively. Since the half-wave coupler based
on overlapping-image 6x6 MMI coupler has a total internal
reflection (TIR) mirror, a gold coating process is only used on
the deep-etched facet of the aggregating-image 16x16 MMI
coupler. The cavity length differences are designed to be 5%
to obtain a wide wavelength tuning range based on the Vernier
effect. Theoretically, a tuning of 20 channels can be realized
at a fixed temperature. The sizes of the half-wave couplers
derived from the overlapping-image 6 x6 MMI coupler and the
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Fig. 9. Optical microscope photograph of the VCLs with (a) Overlapping-
image 6 x6 MMI coupler and (b) Aggregating-image 16x 16 MMI coupler. SEM
photograph of the half-wave couplers derived from (a) Overlapping-image 6x6
MMI coupler and (b) Aggregating-image 16x 16 MMI coupler.
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Fig. 10. IV curves of both V-cavity lasers and output power versus I while
I and Ij are set to 20 mA.

aggregating-image 16x 16 MMI coupler are 57x8.6 um” and
25%9.4 pum?, respectively. Coupled-cavity lasers based on the
overlapping-image 6 x6 MMI coupler have been investigated
in [21], which obtained a tuning range of 6.5 nm with SMSR
up to 40 dB. Here we optimize the parameters of the half-wave
coupled V-cavity laser and obtained a larger wavelength tuning
range.

The lasers are tested after being mounted on an aluminum
nitride chip carrier with a thermo-electric cooler (TEC) con-
trolled at 15°C. The light from the output port is coupled into
a single mode fiber using a 3-Axis NanoMax Flexure Stages
and measured by an optical spectrum analyzer (OSA) and an
optical power meter. The IV curves of both V-cavity lasers are
similar, which are shown in Fig. 10. The series resistances of
the coupler, long cavity and short cavity are 8.7 2, 11.2 2 and
12.5 ©, respectively. The injected currents on the coupler elec-
trode, short cavity electrode and long cavity electrode are de-
noted as I, I and Ij, respectively. When I. = 60 mA, Iy = 30
mA, and I} = 35 mA, the output power of both lasers measured
by a large-aperture PD exceed 10 mW. The LI curves in Fig. 10
are measured by tuning I, while I and I are set to 20 mA. The
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TABLE V
COMPARISON OF PERFORMANCE METRICS FOR REPRESENTATIVE V-COUPLED-CAVITY LASERS

Tuning range

at a fixed tem-

Authors Wavelength (nm)

Extended tuning

range with a var-

SMSR (dB) Power (mW)

perature ying temperature
(nm) (nm)
S. Zhang [11] 1535 24 40 38 8
W. Wei [12] 870 11.4 22.4 36 22
Z. Wang [13] 1310 15 30 41.5 7
J. Meng [14] 1550 - 37 37
H. Yang [15] 2850 35 60 28 1.4
Y. Wan [16] 1283 43 - 35 9
D. D’Agostino [21] 1550 6.5 - 40 5
Stanley Cheung [22] 1330 38 - 36 3
This work 1550 50 70 45 12

o
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Fig. 11. Measured (a) Single-electrode wavelength tuning curve and

(b) Superimposed spectra of the 28 channels of VCL based on the overlapping-
image 66 MMI coupler with 100 GHz channel spacing at 15°C.

VCLs reach their thresholds when the currents on the coupler
electrodes are 23 mA and 10 mA, respectively.

We then measured and compared the single-mode feature
and tuning performance of the two lasers with 100 GHz channel
spacing. Fig.11 shows the wavelength tuning curve and the
corresponding superimposed spectra of the VCL based on
the overlapping-image 6 x6 MMI coupler. During the tuning,
the temperature is fixed at 15°C, currents on the coupler electrode
and short cavity electrode are 80 mA and 48 mA, respectively.
Single-electrode tuning is carried out by tuning injection current
on the long cavity electrode from 10 mA to 120 mA. As shown
in Fig. 11(a), a discrete wavelength tuning of 28 channels from
1524.5 nm to 1549 nm is obtained, with a uniform channel
spacing of about 0.875 nm or 109 GHz. The value is a little
larger than the 100 GHz ITU-T grids because of the deviation
between the calculated and actual group indices. This can easily
be adjusted in the future design by increasing the cavity length
slightly. Fig. 11(b) shows the corresponding superimposed
spectra of the 28-channel wavelength tuning. The SMSRs are
above 35 dB for most of the channels. The total wavelength
tuning range is about 24.5 nm, which is larger than an actual FSR
of 16 nm. This phenomenon is mainly caused by the red shift of
material gain spectrum with the increase of chip temperature as
Ij increases. The output power varies from 11.46 dBm to 2 dBm
at different channels, mainly due to the increasing temperature.
The uniform power can be achieved by adjusting the injection
current on the coupler electrode and short cavity electrode.

Fig. 12 shows the wavelength tuning curve and the cor-
responding superimposed spectra of the VCL based on
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Fig. 12. Measured (a) Single-electrode wavelength tuning curve and
(b) Superimposed spectra of the 38 channels of VCL based on the aggregating-
image 16x 16 MMI coupler with 100 GHz channel spacing at 15°C.

aggregating-image 16 16 MMI coupler. The measurement con-
dition is the same as above. By tuning the injection current on
the long cavity electrode from 10 mA to 90 mA, as shown in
Fig. 12(a), a discrete wavelength tuning of 38 channels from
1522 nm to 1554 nm is obtained, with a uniform channel spacing
of about 0.84 nm or 105 GHz. The SMSRs of all the 38 channels
are between 35 dB and 43 dB. The single-mode feature and
tuning performance of VCL based on the aggregating-image
1616 MMI coupler is better than that of VCL based on the
overlapping-image 6 x6 MMI coupler. The reason is that the
half-wave coupler derived from the aggregating-image 16x 16
MMI coupler with input/output waveguides at W/4 and 3W/4 is
more suitable for VCLs with the cavity length difference of 5%.

To study the single mode selectivity of the half-wave coupler
for V-cavity lasers with different channel spacings, we also de-
signed and fabricated the VCL based on the aggregating-image
16x16 MMI coupler with 150 GHz channel spacing. As shown
in Fig. 13(a), the typical SMSR of the single mode emission
reaches 45 dB. We performed a two-dimensional scanning by
tuning the injected currents on the short cavity and long cavity
from 0 mA to 100 mA. Fig 13(b) and 13(c) shows that the
150 GHz VCL maintains good SMSRs and high output power
in a wide current range. As shown in Fig. 13(d), the injected
current on the short cavity and long cavity determine the lasing
wavelength together. The tuning effect of the long cavity is
much better than that of the short cavity, because the wavelength
tuning and the gain spectrum shift are in the same direction. By
controlling the injected current on the long and short cavities
cooperatively, 38 channels from 1520 nm to 1570 nm can be
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1580 —sC
—30C -
_1570 £
E @
£.1560 i
£ g
51550 z
3 1540 &
[ -
H H
1530 5 -
o
1520
1510 - - - - . vl L
20 40 60 80 100 1520 1540 1560 1580
Long Cavity Current (mA) Wavelength (nm)
a
Fig. 14. Measured (a) single-electrode wavelength tuning curve and

(b) Superimposed spectra of the 52 channels of VCL based on the aggregating-
image 16x 16 MMI coupler with 150 GHz channel spacing at 5°C and 30°C.

achieved. To further extend the wavelength tuning range, the
temperature of TEC is set at 5°C and 30°C to shift the material
gain spectrum. As shown in Fig. 14, a wavelength tuning of 52
channels from 1515 nm to 1585 nm is obtained. The SMSRs of
most channels are over 40 dB. Table V shows the performance
metrics for representative V-coupled-cavity lasers reported in
previous publications. It shows that the improved half-wave
coupled V-cavity laser using the aggregating-image multimode
interference coupler has achieved the largest wavelength tuning
range and the highest SMSR.

V. CONCLUSION

In conclusion, we have theoretically analyzed the half-wave
couplers for V-cavity lasers by the theory of MMI coupler, and
experimentally demonstrated improved VCLs. By using the con-
cepts of aggregating-image multimode interference coupler, the
half-wave coupler can be optimized for V-cavity lasers with clear
physical insight. It is found that an overlapping-image 6 x 6 MMI
coupler and an aggregating-image 16x 16 MMI coupler can be
used as half-wave couplers for VCLs with high single-mode se-
lectivity. Then, we designed and fabricated two types of V-cavity
lasers with half-wave couplers derived from the overlapping-
image 6 x6 MMI coupler with input/output waveguides at W/6
and 5W/6 and the aggregating-image 16x 16 MMI coupler with
input/output waveguides at W/4 and 3W/4, respectively. They

6638307

both show good lasing and wavelength tuning performance. The
improved V-cavity laser achieves a wavelength tuning range of
70 nm from 1515 nm to 1585 nm, with the SMSRs of most
channels between 40 dB and 45 dB. The excellent single-mode
behavior and significantly improved tuning range can further
promote the V-cavity lasers for applications in DWDM commu-
nication systems and sensors.
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